The WW domain-containing oxidoreductase (WWOX) encodes a tumor suppressor that is frequently altered in cancer. WWOX binds several proteins and thus is postulated to be involved in a variety of cellular processes. Interestingly, Wwox-knockout mice develop normally in utero but succumb to hypoglycemia and other metabolic defects early in life resulting in their death by 3-4 weeks of age. Cumulative evidence has linked WWOX with cellular metabolism including steroid metabolism, high-density lipoprotein cholesterol (HDL-C) metabolism, bone metabolism and, more recently, glucose metabolism. In this review, we discuss these evolving functions for WWOX and how its deletion affects cellular metabolism and neoplastic progression.
Introduction
Cancer cells display several hallmarks and features that make them tumorigenic. 1 These cells exhibit not only uncontrolled cell proliferation but also adjust their metabolism to ensure enough energy to maintain cell growth and division. 2 This metabolic change is obligatory to support the anabolic demands accompanying cell growth and proliferation and is usually controlled by many tumor suppressors and oncogenes. Recently, the tumor suppressor WW domain-containing oxidoreductase (WWOX) was reported to modulate lipids, steroids and glucose metabolism (Figure 1 ), emerging and novel functions that WWOX controls thus contributing to the neoplastic process.
WWOX spans a large genomic region, FRA16D, which is considered an active chromosomal fragile site that is involved in cancer. WWOX encodes a relatively small protein 3 that comprises two WW domains, known to facilitate protein-protein interaction, 4 and a short-chain dehydrogenase/reductase (SDR) domain, which is believed to play a role in oxidation-reduction reactions involving steroids. WWOX is ubiquitously expressed, but its expression is most prominent in hormonally-regulated tissues and secretory epithelial cells such as those of testes, prostate, ovary, and breast. 5, 6 Altered WWOX expression has been reported in a variety of malignancies and has been widely associated with aggressive course of those diseases. 7, 8 Characterization of animal models with targeted Wwox gene knockout revealed important roles of WWOX in homeostasis and tumorigenesis. At birth, Wwox-null pups appear normal however these pups display growth retardation 9 and postnatal lethality by 3-4 weeks due to severe metabolic defects. 10 Better understanding of WWOX function came from protein-protein interaction studies that uncovered WWOX partners and shed light on its requirement for signaling pathways in cancer cells. WWOX utilizes its first WW (WW1) domain to physically interact with numerous proteins containing the canonical PPxY or non-canonical LPxY motifs. 11, 12 Other proteins were also reported to interact via the SDR domain. 13 Several lines of evidence have shown that WWOX functions as an adapter protein that regulates localization of transcription factors in different cellular compartments. Generally, WWOX sequester transcription factors in the cytoplasm hence regulating their transactivation function. 11, 14, 15 Nevertheless, subtle amount of WWOX was also detected in the nucleus regulating transactivation function of, for example, RUNX2. 10 Recent proteomic studies utilizing mass spectrometry have suggested that WWOX participates in several signaling pathways involved in mRNA processing, adhesion, and metabolism. 12 In this review, we discuss the recent evidence that links WWOX with cell metabolism and how does it contribute to its tumor suppressor function.
Wwox-knockout mice display severe metabolic disorders
Trying to model WWOX loss in human cancer (reviewed in Gardenswartz and Aqeilan 7 ), mouse models of Wwox deletion have been generated. In 2007, we reported the generation of the first Wwox-knockout mice. 9 These mice are born with no obvious malformations, however by age of one week, impaired ratio of organ to body mass in several tissues including brain and spleen was observed. 10 Prior to their death, Wwox-knockout mice became weak and display signs of wasting; likely due to severe metabolic defects. This included low levels of glucose (hypoglycemia) and impaired levels of lipids, including hypotriglyceremia and hypocholesteremia. 10 These mice also display severe bone metabolic phenotypes and impaired steroidogenesis ( Figure 1 ). Furthermore, mutant Wwox mice have increased incidence of tumor formation. 9, [16] [17] [18] Due to early lethality, we and others have set to generate a conditional knockout (cKO) mouse model, using the cre-loxp technology, which could be studied at adult stages. We recently reported the generation of cKO mice and showed that using a general deleter of transgenic mouse (EIIA-cre) results in similar phenotypes resembling those of Wwox conventional knockout mice. 16 Another mouse model for the Wwox gene was also generated by the Aldaz group and demonstrated similar phenotypes. 19 These models shall be instrumental in future research to dissect the molecular function of WWOX in regulating cellular metabolism.
WWOX and steroid metabolism
The WWOX protein with a classical SDR domain has been predicted to be associated with oxidation and reduction of steroids. Meanwhile, the generation of the Wwox-knockout mice suggested possible functions of WWOX in steroid metabolism. 20 As mentioned above, analysis of WWOX expression pattern in mouse tissues reveals its predominant expression in hormonally-regulated tissues thus a possible physiological role of WWOX in the physiology of these organs has been postulated. Indeed, WWOX-mammary-specific cKO mice, using MMTV-cre and K5-cre transgenic lines, displayed impaired mammary branching morphogenesis. 21, 22 Of note, WWOX loss is also associated with reduced estrogen receptor (ER) expression and ER-negativity in breast cancer patients. [23] [24] [25] Importantly, WWOX expression is induced at three weeks of mammary gland development 21 suggesting that WWOX and ER might be tightly regulated during mammary gland development and likely in ER-dependent cancers and suggesting a functional link between WWOX and ER, a major steroid hormone receptor.
Our observations also demonstrate that Wwox-knockout mice display defects in the mouse reproductive system including hypogonadism and impaired levels of steroids and expression of steroidogenic enzymes. 20 Thus, WWOX is essential for gonadal development and function. Moreover, transcript levels of both the follicle-stimulating hormone and luteinizing hormone are attenuated in pituitary gland of Wwox-knockout mice. 20 Similarly, testes from Wwox hypomorphic males have a high numbers of atrophic seminiferous tubules and reduced fertility when compared with their wild-type counterparts. 18 Since WWOX contains an SDR domain, it is speculated that WWOX might indeed play a critical role in steroid metabolism. Indeed, a recent report by Bednarek and co-workers has suggested that the SDR domain of WWOX has dehydrogenase activity implying a possible function in steroid metabolism. 26 This activity was observed in crude bacterial extracts using WWOX recombinant protein and thus further physiological validation is required. To date, no authenticated substrates of WWOX's SDR domain are known so far therefore further delineation of WWOX oxidoreductase activity is required. Overall, cumulative evidence links WWOX with steroidogenesis that yet needs to be further explored.
Bone metabolism disorders in Wwox-deficient mice
Mice with a homozygous deletion of WWOX also exhibit a metabolic bone disease. 10, 16, 19 Wwox-deficient mice suffer a disorder of skeleton development characterized by osteopenia, characterized by thinner cortical bones and decreased mineral density and bone volume. 10 Ex vivo analysis of osteoblast culture isolated from Wwox-deficient mice revealed an impaired osteoblast differentiation phenotype suggesting an important role of WWOX during this process. 10 In the same venue, Wwox-deficient mice display increased osteoclast activity, characterized by increased tartrate-resistant acidic phosphatase (TRAP) staining, which might also contribute to the observed osteopenic phenotype. 27 Specific deletion of WWOX in the osteoblast compartment (using Osterix-cre and Osteocalcin-cre) has been generated and is being currently investigated (Aqeilan et al., unpublished data). At the molecular level, WWOX was shown to physically interact with RUNX2, the principal transcriptional regulator of osteoblast differentiation. 10 WWOX represses RUNX2 transcriptional function and RUNX2 level is elevated in femoral bones of Wwox-deficient mice. 28 Whether lack of functional crosstalk between WWOX and RUNX2 contribute to the metabolic bone abnormalities in Wwox-deficient mice is under investigation. Nevertheless, WWOX expression is significantly altered in osteosarcoma. Several research groups recently reported deletion or reduced levels of WWOX in osteosarcoma. [28] [29] [30] RUNX2 levels are also altered in osteosarcoma. 28, 31 However, a significant statistical association between WWOX and RUNX2 levels in osteosarcoma was not established, so far, likely due to a complex relationship, in part due to multiple additional aberrations that occur in the tumors and/or because of tight regulation of RUNX2 in cancer cells. The fact that WWOX regulates turn over and cancer of bony tissues should stimulate future research in this direction.
WWOX regulates circulating HDL-C levels
A major risk factor for coronary artery disease is low levels of serum high-density lipoprotein cholesterol (HDL-C). Recent evidence has demonstrated a genetic association between the WWOX gene and HDL-C levels. 32 A SNP (rs2548861) was identified in WWOX that associates with region-wide significance for low HDL-C in dyslipidemic families of Mexican and European descent and in low-HDL-C cases and controls of European descent. Moreover, use of next-generation sequencing of the WWOX locus eight variants were identified to be significantly associated and perfectly segregating with the low-HDL trait in two multigenerational French Canadian dyslipidemic families. 33 Furthermore, using mouse genetics, it has been found that Wwox-deficient and liver specific Wwox cKO mice display reduction in ApoA-I and ABCA1 levels, 33 critical components in reverse cholesterol transport and generation of nascent HDL particles. These observations raise the possibility that WWOX is involved in the complex network of cellular cholesterol homeostasis. Indeed, several reports have linked WWOX with impaired lipid metabolism. [34] [35] [36] Altogether, these genetic and molecular results indicate a significant role for WWOX in cellular lipogenesis and metabolism. Disruption of lipogenesis involves modulation of multiple lipogenic enzymes that is linked with cancer-associated metabolic changes and thus could contribute to oncogenic transformation. Whether changes in WWOX expression modulate lipogenesis observed in tumor cells is not yet established.
WWOX modulates glucose metabolism
During malignant transformation cancer cells undergo significant metabolic changes. One of the best known examples of metabolic reprogramming in cancer cells is changes in glucose metabolism. In presence of oxygen (aerobic conditions), normal cells oxidize glucose, first to pyruvic acid via glycolysis in the cytosol and thereafter to carbon dioxide in the mitochondria; in absence of oxygen (anaerobic conditions), little pyruvate is dispatched to mitochondria and glycolysis is favored. In cancer cells, the main source of cellular energy is glycolysis, even under aerobic conditions. This shift to aerobic glycolysis is a hallmark of malignant cells known as Warburg effect. 2, 37, 38 The reliance of cancer cells on aerobic glycolysis to produce ATP results in high glucose consumption (to compensate for the low efficiency of glycolysis). Identifying the molecular mechanisms responsible for the shift to aerobic glycolysis is important for understanding the basic biology of malignant transformation and for designing targeted therapies. Recent work by Richards and co-workers using Drosophila has demonstrated that WWOX might interact with a number of proteins involved in metabolism like malate dehydrogenase and isocitrate dehydrogenase. 39 Intriguingly, it has been also noted that changes in metabolism from glycolysis to oxidative phosphorylation affect WWOX transcripts. 40 We recently reported an unforeseen role of WWOX in controlling glucose metabolism in primary normal cells. 41 Under aerobic conditions, loss of WWOX enhances expression of key glycolytic genes hence diverting pyruvate away from the mitochondrial tricarboxylic acid (TCA) cycle. In other words, WWOX is plausibly functioning to inhibit aerobic glycolysis and to enhance the mitochondrial TCA cycle for efficient ATP production.
How does WWOX affect glycolysis? Our data demonstrate that WWOX interacts with the hypoxia-inducible transcription factor (HIF1a), the master regulator of glycolytic genes. This interaction results in (1) destabilization of HIF1a and (2) repression of HIF1a transcriptional activity 41 (Figure 2 ). Cancer cells upregulate HIF1a, one of the key cellular regulators in response to oxygen stress 42 , which at one end enhances glucose uptake by upregulating glucose transporters, notably GLUT1 that act independently of insulin. Furthermore, HIF1a upregulates the expression of key glycolytic enzymes including HK2, PKM2, LDH-A, and others. 43 At the other end, HIF1a directly inhibits TCA cycle by upregulating expression of pyruvate dehydrogenase kinase 1 (PDK1), which inactivates the rate-limiting enzyme pyruvate dehydrogenase (PDH) that catalyzes the conversion of pyruvate into acetyl-CoA to fuel the TCA cycle. Consequently, HIF1a accumulation results in increased rates of glycolysis and production of lactic acid and decreased rate of TCA cycle, a phenotype that is observed in Wwox-knockout tissues and cells. 41 How does WWOX affect HIF1a function and glucose metabolism? WWOX could control HIF1a function by suppressing its transactivation function, 41 likely by sequestering HIF1a from its target sequences. WWOX could also enhance hydroxylation of HIF1a by modulating the function of prolyl hydroxylase 2 (PHD2) leading to HIF1a degradation thereby maintaining proper glucose uptake, glycolysis, and TCA cycle ( Figure 2) . Interestingly, Wwoxknockout mice exhibit higher levels of serum lactic acid relative to wild type mice. Moreover, Wwox-deficient cells exhibit higher glucose uptake while lower ATP production and oxygen consumption. These cells also display upregulation of glycolytic genes level when compared to wild-type cells. 41 Overall, Wwox-deficient cells present a phenotype of enhanced glycolysis, even under normoxic conditions (Warburg effect).
As lack of WWOX mimics an oxygen stress response, we hypothesized that WWOX levels change upon hypoxic conditions. Indeed, WWOX expression is downregulated under hypoxic conditions, 40, 41 indicating that these circumstances, by unknown mechanism, hamper WWOX levels which in turn contribute to increase the levels of HIF1a. These observations suggest that WWOX deficiency elicits a metabolic switch that is HIF1a dependent. Given these observations, we hypothesized that depleting HIF1a in Wwox-deficient cells would increase glucose uptake. Indeed, inhibiting HIF1a both genetically and pharmacologically reversed the glucose uptake phenotype both in vitro and in vivo.
At the molecular level, WWOX, through its WW1 domain, interacts with HIF1a and functionally decreases HIF1a levels and hence attenuates glucose uptake. 41 By contrast, mutated WWOX (WWOX-WFPA), which displays impaired WWOX interaction ability with HIF1a, does not affect HIF1a levels nor it decreases glucose uptake and hence does not affect HIF1a target genes. Furthermore, WWOX-deficient cells display lower levels of HIF1a hydroxylation cells as compared with WWOX-sufficient cells. After all, WWOX inhibits glycolysis through inhibition of HIF1a function.
To determine whether WWOX-HIF1a association has functional relevance on tumorigenesis, we investigated the effect of HIF1a expression on WWOX-mediating tumor suppression. Targeted deletion of WWOX in transformed mouse embryonic fibroblasts is associated with enhanced tumorigenesis in immunocompromised mice compared to wild-type cells. 41 Notably, depletion of HIF1a inhibited tumorigenicity of Wwox-deficient cells to a better extent than of WWOX-sufficient cells. 41 Using a human breast cancer tissue array, it was shown that WWOX expression is inversely correlated with that of glucose transporter GLUT1, a target gene of HIF1a. 41 It is thus likely that WWOX inhibits HIF1a activity under aerobic conditions, to ensure glucose flux into mitochondria thereby inhibiting aerobic glycolysis. Altogether, these data indicate that WWOX loss activates aerobic glycolysis (Warburg effect), a hallmark of cancer cells. Future research will examine the significance of using WWOX as a biomarker for impaired metabolism in cancer cells and in clinical samples.
WWOX affects ROS levels
It is known that the main source of endogenous reactive oxygen species (ROS) in normal cells is mitochondrial Figure 2 Model: WWOX modulates HIF1a activity through multiple pathways. Under hypoxic conditions, HIF1a is stabilized and binds HIF1b to transactivate many target genes resulting in increase rate of glycolysis and glucose uptake and inhibiting TCA cycle. Under these conditions, HIF1a is less hydroxylated by PHD2 and thus is not targeted for degradation mediated by Von Hippel-Lindau (VHL) E3 ligase complex. Our recent studies demonstrate that loss of tumor suppressor WWOX enhances HIF1a accumulation and its transcriptional function. WWOX physically interacts with HIF1a and induces its hydroxylation by PHD2 and so leads it to proteasomal degradation. WWOX also, inhibits HIF1a transactivation function. (A color version of this figure is available in the online journal.) respiration. 44 Consistent with the emerging role of WWOX in metabolism, WWOX was suggested to act as a regulator of ROS; once WWOX is overexpressed in Drosophila larvae, ROS levels were elevated whereas overexpression of mutated WWOX did not show this elevation. 39 Since WWOX loss is associated with reduced rates of TCA cycle, this could affect ROS production. Whether the SDR domain of WWOX plays a role in regulating ROS levels is being addressed.
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Concluding remarks
In this review, we described the emerging role of WWOX in cellular metabolism. Emerging evidence has linked WWOX with steroid metabolism, HDL-C metabolism, bone metabolism, and glucose metabolism (Figure 1 ). Much still remains to be learned on the physiological role of WWOX in this context and how it contributes to the neoplastic process. The WWOX gene spans the fragile site FRA16D, one of the most active common fragile sites, a genomic region that is involved both in chromosome translocation in multiple myeloma and also in homo and hemizygous deletions in cancer and cancer-derived cell lines. 8, 45 Since WWOX is frequently lost in cancer, it is thus likely that this loss contributes to alter metabolism and cancer progression.
Several indications support WWOX function as a tumor suppressor. First, WWOX is frequently altered in numerous cancer types. 7, 8 Both hemizygous and homozygous deletions are common but WWOX alteration due to other mechanisms including epigenetics and posttranslational modifications was also suggested. It is thus likely to propose that one allele of WWOX might be lost due to genomic modification while the other is lost by other mechanisms fulfilling the Knudson's two-hits hypothesis. Second, WWOX ectopic expression in multiple WWOX-deficient cancer cell lines results in apoptosis and reduced tumorigenicity (reviewed in Chang et al. 13 and Del Mare et al. 46 ). Third, Wwox mutant mice display increased incidence and multiplicity of tumor development suggesting WWOX as a bone fide tumor suppressor. 9, 17, 47 Fourth, loss of WWOX facilitates a selective advantage of neoplastic growth. For example, Ras-mediated transformation of Wwox-deficient cells displays increased tumorigenicity as compared to wild-type cells. 41 Finally, the WWOX interactome supports a direct role of WWOX as an oncosuppressor. The mechanisms of tumor suppression of WWOX involve apoptosis, 13 modulation of the extracellular matrix, 48 and, as discussed here, modulation of cell bioenergetics. 41 WWOX interacts and modulates the function of different proteins involved in tumor progression. When WWOX is lost, many of these proteins lose their checks which alters signaling that feeds into the neoplastic process. Future work shall further define the relevance of these interactions in vivo and test whether WWOX can be used as a biomarker for impaired metabolism in cancer cells and in clinical samples. Loss of tumor suppressor WWOX could therefore affect different levels of cellular metabolism and thus feed tumorigenesis.
